Indeed, the combination therapy used to treat TB is based on agents developed in the 60-80s, with no new drugs launched for the last 30 years (Covarubias, 2005) . Mycobacterial CA has been identified as a target for anti-mycobacterial agents (Sassetti & Rubin, 2003) (Maresca, 2009 ). Sulfonamides can act as effective inhibitors of both α and β families of CA (Supuran, 2010) . This creates a challenge to find agents that will work as selective carbonic anhydrase inhibitors (CAIs) of mycobacterial CA (mtCA) not acting on human CA isoforms. Some derivatives of phenylcarbamic acid showed good antituberculotic activity (Keckesova, 2009) (Waisser, 2006) . We have prepared a virtual library of similar phenylcarbamic acid derivatives containing zinc binding group (all of which are sulfonamides) and performed virtual screening on mtCA II against hCA II isoform, which has the highest spread amongst humans. 
MATERIAL AND METHODS

Preparation of combinatorial library
Preparation of target proteins
Crystallographic protein structures were obtained from PDB (Protein Data Bank -www.rcsb.org). Crystal structure of tetrameric form M. tuberculosis beta carbonic anhydrase, Rv3588c with resolution of 2.20Å (PDB ID 2A5V) (Covarrubias, 2006) was used. To predict the selectivity to mycobacterial β-carbonic anhydrase II (mtCA II) in relation to human cytosolic CA (hCA II), we chose ubiquitous α-CA II (PDB ID 3K34) with resolution 0.90 Å (Behnke, 2010 
Glide Docking
Docking of all 732 molecules was performed in program Schrodinger Glide with XP precision (Friesner, 2006) . The extra-precision (XP) mode of Glide combines a powerful sampling protocol with the use of a custom scoring function designed to identify the ligand poses that would be expected to have unfavourable energies, based on well-known principles of physical chemistry. Among other things, to model the solvation, explicit water molecules are docked into a list of protein-ligand complexes that otherwise receive good GlideScores, and descriptors based on the interaction of these water molecules with various charged and polar groups of the ligand and protein are used as a measure of whether the complex is physically realistic. All the generated molecules were docked to mycobacterial CA II (mtCA II) resulting in 186 molecules successfully fitted into mtCA II. All were subsequently docked into human CA II (hCA II). The positions of all 186 molecules docked in both enzymes were optimized using Schrodinger Prime MM-GBSA, providing us with predicted free interaction energy between the molecule and enzyme. MM-GBSA uses a novel force field method VSGB 2.0 (Li, 2011), which features an optimized implicit solvent model, as well as physics-based corrections for hydrogen bonding, π-π interactions, self-contact interactions and hydrophobic interactions. Flexibility of aminoacid residues within 5 Ǻ from ligand was allowed during the optimization procedure. The lower MM-GBSA interaction energy stood for stronger interaction between molecule and enzyme. The selectivity was calculated using the following formula:
The calculated selectivity ranged from 3.1 to -0.3. The selectivity of 101 molecules was higher than 1.0. Virtual screening of combinatorial library of novel benzenesulfonamides on mycobacterial carbonic ...
Bioavailability
40-78%
, which means that none of the candidates should be disqualifi ed based on this parameter.
Penetration into mycobacteria
Good penetration into mycobacterial cell can signifi cantly lower the dose, and therefore, help reduce the probability of adverse eff ects. A distinguishing characteristic of all Mycobacterium species is that their cell wall is thicker than that of many other bacteria. It consists of a hydrophobic mycolate layer and a peptidoglycan layer held together by a polysaccharide, arabinogalactan. This creates a barrier that is hard to penetrate for many active agents, and makes the mycobacteria invulnerable to most antibiotics. A molecule attacking the intracellular proteins that aspires to be active in low concentration needs higher logP o/w partition coeffi cient to be able to eff ectively penetrate the mycobacterial cell wall. For our molecule set, logP o/w ranged from 0.092 to 3.604. Since many of the molecules have lipophilicity too low to be able to penetrate mycobacterial cell, this parameter was included into the calculation of Selection index.
Selection index
Selection index was used for two purposes. The fi rst purpose was to select molecules that would be synthesized and further evaluated in vitro on mtCA II and culture of M. Tuberculosis. Second purpose was to study structure-activity relationship to determine which fragments scored better across the molecule subset, and to use this information to select new fragments that could improve the overall performance. To calculate the Selection index, we included partition coeffi cient, absolute value of predicted free MM-BGSA interaction energy and selectivity into the calculation. For all 3 properties, we desired the highest possible values. The statistical weight was not corrected. Other properties like oral bioavailability, bloodbrain barrier penetration and toxicity were in acceptable ranges for all molecules, so they were excluded from the calculation (in supplementary information).
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In general, this approach fi ltered out molecules which were outstanding in only one of the properties and were lacking in others. Also, it included molecules that would be otherwise disqualifi ed due to low LogP o/w or selectivity based on interaction energy. The range of index was 2.81 for the best scoring molecule and 0.00 for the worst performers. The chosen subset for synthesis and evaluation of biological activity took 15% (27 molecules) of all 186 successfully docked molecules. The highest Selection score was 2.81 (for compound: m-E; [kp]; [5] in Fig. 1 and 2 ) and lowest was 1.58 in the subset. No molecules were discarded manually. The second assessment included statistical evaluation of frequency of occurrence of fragments throughout the full set of 186 molecules. It did not give us exact information about what fragment combination can act as good pharmacophore, but it provided us with trends that included valuable information about which fragments were more likely to contribute to higher Selection score, and which parts of the molecule had no importance as a pharmacophore.
Structure-activity relationship
The suggested mechanism of action for phenylcarbamates, from which our set of sulfonamides originated, was inhibition of the proton pump of mycobacterial ATP synthase (Upadhayaya, 2009). While the hydroxyl group on the central linkage alkyl of those compounds seemed to be a pharmacophoric group for binding to the proton pump of mycobacterial ATP synthase, in the case of binding to mtCA II, it could be omitted without signifi cant decrease of affi nity. The removal of hydroxyl group would have probably led to lower affi nity to FAS I, yet this could be overcome by benefi ts of increased lipophilicity and strongly diminished affi nity to β-receptors, since these compounds clearly had pharmacophore of β-blockers. All docked ligands had an expected coordination bond to the zinc dication in the active site through deprotonated nitrogen of sulfonamide group. For hydrogen bond, the interactions seemed to be very important Gln-42 ( Fig. 1 and 2 ). While sidechain amide of Gln-42 was H-bond donor for oxygen of sulfonamide group, its backbone amide was H-bond donor for amine group connecting benzenesulfonamide fragment with central linkage. While alkylamines were mostly protonated at physiological pH, our results suggested that it was energetically favourable to keep neutral state, and be able to act as an acceptor of H-bond. Based on this, we can suppose that bioisosteric replacement of amine group by some other H-bond acceptors should preserve or meliorate the affi nity. The evaluation of fragment subset in relation to properties of the whole molecule gave us statistical insight into how fragments interact with protein, and which parts of the molecule tend to increase the activity or lipophilicity. From the group of sulfonamide fragments (c), fragment 5 (4-piperidin-4-ylbenzenesulfonamide) showed trend to aff ect the Selection index not only by higher LogP o/w , but also by creating a stronger interaction with mtCA II resulting in higher absolute value of MM-GBSA free energy. None of the other four fragments 1-4 showed comparable behaviour (Fig. 3 
CONCLUSION
In this research, we created a combinatorial library of novel group of compounds aimed at inhibition of mycobacterial carbonic anhydrase II that was reported as a potential drug target, since it is essential for the survival of mycobacteria. We used Selection index consisting of optimized MMBGSA free interaction energy (calculated with Schrodinger Prime) of molecules docked in mtCA II, Selectivity index and partition coeffi cient octanol/water (LogP o/w ). The best 27 molecules were selected as candidates for synthesis and further biological evaluation (Selection index 2.81-1.58). The biggest contribution to higher selection score showed 4-piperidin-4-ylbenzenesulfonamide fragment, where the impact of both MM-GBSA interaction energy and LogP o/w can be seen. The length of alkyle chains of carbamate and alcohol fragments had a major impact on LogP o/w and a minimal eff ect on selectivity and MM-GBSA energy. This part of the molecule can be eff ectively used to manipulate lipophilicity of the whole molecule in the desired way. Virtual screening of combinatorial library of novel benzenesulfonamides on mycobacterial carbonic ...
